The halotolerant green alga Dunaliella bardawil is known to accumulate /3-carotene in response to stress factors such as high light intensity, high salt concentrations and nutrient limitation. In this report, the accumulation of ficarotene was studied in cells from nitrate-limited chemostat cultures, in comparison with those of D. salina, a strain that does not accumulate /3-carotene under stress conditions. D. bardawil responded to growth arrest by accumulating /3-carotene and, to a lesser degree, lutein and zeaxanthin. A substantial fraction of Pcarotene and all the lutein and zeaxanthin was associated with the thylakoid fraction. The accumulation of carotenoids in D. bardawil occurred only in the light, but the light intensities were far below those where the photosynthetic rate is maximal. After growth arrest, the amount of chlorophyll (Chl) decreased in both strains. However, in D. bardawil Chl a decreased to a lesser extent in comparison with Chl b, which resulted in an increased Chl alb ratio. The maximum photosynthetic capacity declined rapidly in both strains after growth arrest. In contrast, the photosynthetic efficiency showed a temporary increase in D. bardawil and a decrease in D. salina. This increase did not occur when carotenogenesis was inhibited by diphenylamine, implying a causal relationship between enhanced carotenogenesis and increase of photosynthetic efficiency. The possible involvement of stress-accumulated carotenoids in photosynthetic activity is discussed.
INTRODUCTION
In plants, carotenoids are essential components of the light-harvesting complexes and reaction centres of the photosynthetic apparatus. They are involved in light harvesting, energy transduction and protection against damage by photo-oxidation (Koyama, 1991) . Their synthesis is co-ordinatedly regulated with chloroplast development (Kleinig, 1989) , but the mechanism of regulation is unknown. It is of interest to study chloroplastassociated carotenogenesis in a system in which the coordination with chloroplast development is released under specific conditions. Such a system is Dzlnaliella salina Teod., a halotolerant unicellular green alga, containing a single chloroplast. This species synthesizes carotenoids which are typical of green plants, but accumulate carotenoids to as much as 8% of the dry weight (Ben-Amotz etal., 1989) . Carotenoid accumulation is brought about by high light intensities, nutrient stress or high salt conditions. Each of these factors individually has an effect on carotenoid biosynthesis, but when applied together, their effects are additive (Loeblich, 1982) .
We show here that growth arrest of nitrate-limited D. bardawil cells under moderate light intensities also results in the accumulation of carotenoids, especially p-carotene. This property was studied in comparison with a carotenoid non-accumulating strain of D. salina. Growth arrest also led to changes of photosynthetic characteristics. The interaction between carotenoid accumulation and photosynthesis in these two strains was examined.
METHODS
Strains and cultivation methods. Dtrnaliella bardawil (strain 30861 of the American Type Culture Collection) and D. d i m were normalized to the data of D. bardawil without DPA by multiplying by a factor of 1.14, based on the slight difference in protein content per cell during the steady state before growth arrest.
(strain 9 of the Institute of Plant Physiology of the Russian Academy of Sciences, Moscow) were used.
The algae were cultivated in modified Bold's Basal Medium (Harris, 1989) which consisted of NaNO, (2-94 mM), MgSO, (0.3 mM), CaC1, (0.17 mM), K,HPO, (0.42 mM), KH,PO, (1-29 mM), FeNaEDTA (0-068 mM), NaHCO, (5 mM) and NaCl (1 M), and micronutrients according to Wiese (1965) : H,BO, (9.7 pM), MnSO, (1.79 pM), NaVO, (0.52 pM), ZnSO, (0.15 pM), CuSO, (0.06 pM), CoSO, (0.02 pM) and (NH,),Mo,O,, (0.003 pM). The medium was sterilized by autoclaving at 120 OC. The phosphate components were autoclaved separately and the NaHCO, solution was filter-sterilized before being added to the sterilized medium.
Stock cultures were routinely maintained on 1.5 YO (w/v) agar slants of the same medium, except that the phosphate components and NaHCO, were autoclaved together with the medium. The cultures were kept at 19 "C and illuminated with two T L 58 W/33 white fluorescent tubes together with a HPI/T 400 W daylight lamp (Philips) at an average light intensity of 150 pmol m-2 s-'. A 12 h light/l2 h dark regime was applied. Stock cultures were transferred to fresh agar slants every 6 to 8 weeks.
Chemostat cultures were carried out at 28 "C in 1 1 culture vessels, containing 565 ml of medium. Continuous one-sided illumination was provided by a HPI/T 400 W daylight lamp at an average light intensity of 100 pmol m-, s-l in the centre of the culture, as measured with a Li-cor model LI-185B photometer equipped with a LI-190SB quantum sensor. Batch cultures (50 ml) at the beginning of the stationary phase, were used as inoculum. The cultures were aerated with 2 % (v/v) CO, and stirred every 6 h for 1 min, and also prior to sampling with a magnetic Teflon-coated rod. Cells that adhered to the glass wall were regularly scraped off, using the magnetic Tefloncoated rod. Nitrate limitation was imposed by reducing the nitrate content of the medium to 10% of the original amount. The specific growth rate was maintained at 0. Data for the 'cells ' fraction represent total pigments ; ' thy1 ' is the thylakoid fraction from the cells, isolated as described in Methods. Pigments were extracted from cells and freeze-dried thylakoids with acetone and hexane and analysed by HPLC (system 11). ND, Not detected. Thylakoid isolation. Thylakoids were isolated according to Ben-Amotz et al. (1982) , with slight modifications. Cells were harvested at 1600 g for 5 min. The algal pellet was resuspended in 25 ml30 mM NaCl and centrifuged at 1600g for 5 min. The pellet was resuspended in 10 ml water and after mixing thoroughly for 1 min, centrifuged at 4 4 g for 5 min. The supernatant was centrifuged at 12000g for 10 min. The pellet fraction was washed once in water and contained the thylakoids while the supernatant fraction contained carotene globules.
Pigments/Chl
Pigment analysis. Pigments were analysed by HPLC (system I) as described by Van der Staay etal. (1992) . Lutein and zeaxanthin were separated by HPLC (system 11) as described by Korthals & Steenbergen (1 985), with some modifications. A linear gradient was used. Phase A (hexane with 0.02% water) and phase B (acetone with 0.5 YO methanol) were mixed from an initial value of 20 YO B to 30 % B in 12 min. The flow rate was 1.5 ml min-'.
Pigments were detected with a H P 1040 diode array detector.
Photosynthesis. Photosynthesis uerm.r illumination (P-I) curves were made by measuring oxygen production in whole cells using a Clark-type electrode as described by Dubinsky e t al. (1987) at 28 "C. From these curves maximal photosynthetic rates (PMAX) and light utilization efficiencies (a) were derived (Falkowski, 1984) . During the transfer from the culture vessel to the reaction vessel the cell samples were kept in the dark. The rate of oxygen production by isolated thylakoids was measured using a Clark-type electrode at 20 "C with red light illumination (A > 600 nm) at saturated light intensity and K,Fe(CN), or benzyl viologen as electron acceptor.
Excitation fluorescence of isolated thylakoids. Fluorescence of Chl a was measured on a SLM-aminco spf-500 spectrofluorometer at room temperature. The thylakoid suspension was diluted to an OD,,, of 0.2 and placed in a 1 cm path-length four-sided quartz cuvette. Excitation ranged from 350 to 680 nm with a step size of 1 nm; emission of Chl a was measured at 690 nm.
Chemical analyses. Cellular starch content was determined as described by Herbert et al. (1971) , using a solution of 2 mg anthrone ml-' in 98 % sulphuric acid, with D-glucose as standard. Cells were freeze-dried before analysis. Protein content was estimated according to Herbert et al. (1971) , with bovine serum albumin as a standard. Cells were freeze-dried and boiled for 5 min in 1 M NaOH before analysis. Nitrate levels in culture liquids were measured according to Kempers & Luft (1988) . medium supply to the chemostat vessel, was easily achieved. Although nitrate limitation was used, the carotenoid content of D. bardawil was comparable to that of exponential phase cells, grown on complete medium in batch cultures (data not shown). When the medium supply was arrested, cell proliferation stopped immediately, which was accompanied by an increase of starch content in both species (Fig. la) . Only D. bardawil exhibited in addition a considerable increase in !-carotene content (Fig. 1 b) . This could be inhibited by DPA, which was added at the time that growth arrest was imposed. After 4 d, this treatment was no longer effective, indicating a possible inactivation of DPA. The inhibitor had no significant effect on the accumulation of starch.
!-Carotene was the major carotenoid that accumulated in D. bardawil after growth arrest (Table 1) . There was also a marked increase in the content of lutein and zeaxanthin (Table 1 ). This is in agreement with previous studies of stress-induced carotenogenesis in this organism (Borowitzka e t al., 1990). In comparison to lutein and zeaxanthin, the other xanthophylls are less abundant in both species of Dmaliella ( Ben-Amotz e t al.
( 1 987) showed that the accumulated / Icarotene was, to a large extent, deposited in oily globules in the stroma fraction of the chloroplasts. Table 2 shows, nevertheless, that a substantial fraction of the accumulated !-carotene was associated with the thylakoid fraction. The ratio of P-carotenelchl a in the thylakoids increased by a factor of eight during growth arrest and lutein and zeaxanthin were quantitatively recovered in the thylakoid fraction.
The accumulation of carotenoids in D. bardawil was enhanced in the light, as shown in Fig. 2 . The light stimulation was saturated at approximately 100 pmol m-2 s-l, and was far below the light intensity where the photosynthetic rate is maximal (PMAx) which was about 1500 pmol m-2 s-l for D. bardawil and 250 pmol m-2 s-l for D. salina (Fig. 3) . Thus, this system was considered suitable to study the interference of carotenogenesis with photosynthesis that occurs at low light intensity.
After growth arrest, the amount of Chl decreased in both strains (Table 1) . However, in D. bardawil Chl a decreased to a lesser extent in comparison with Chl 6, which resulted in an increased Chl a / b ratio.
PiAX, measured as oxygen production, declined rapidly in both strains after growth arrest, with or without DPA (Fig. 4a) . The light utilization efficiency (a), on the other hand, showed a rapid decrease in D. salina, but a slight increase in D. bardawil (Fig. 4b) DPA, implying a causal relationship between enhanced carotenogenesis and the temporary increase of photosynthetic efficiency. However, even though it was demonstrated that a proportion of the accumulated carotenoids (especially lutein and zeaxanthin) was located in the thylakoid membrane, it seems improbable that they took part in the light-harvesting process. Excitation fluorescence spectra of isolated functional thylakoids of D. bardawil before and after growth arrest showed no difference in the contribution of light-harvesting pigments to the excitation profile of Chl a (Fig. 5) .
DISCUSSION
In conditions has been reported previously, for example after transfer from low-light to high-light (Lers et al., 1990) or low-salt to high-salt conditions (G6mez-Pinchetti et a Borowitzka e t al., 1990) . In the D. bardawil strain used here, the levels of a-carotene were extremely low, in contrast to studies by other groups reporting acarotene levels of 2.5% or higher (Ben-Amotz e t Erazo e t al., 1989) .
The ratio total carotene over thylakoid-associated carotene in Table 2 is normalized to Chl content, because the isolation and purification of thylakoids is so lengthy that considerable losses occurred and budgeting was impractical. This could be done because it is reasonable to assume that all Chl is in the thylakoids. Although most of the stress-produced P-carotene was located in oily globules inside the stroma fraction of the chloroplast, a substantial fraction of P-carotene and essentially all the lutein and zeaxanthin were bound to the thylakoid fraction of the chloroplast. The amount of carotene in the thylakoid fraction reached a maximum at day 3 after growth arrest and did not increase further. Although the amount of accumulated carotene in the oily globules is considerably higher than in the thylakoid fraction and even continued to increase after day 3 of growth arrest, it cannot be excluded a priori that the accumulated carotene in the thylakoid fraction is involved in the light-harvesting process. This observation is interesting in view of the finding by Lers et al. (1991) that induction of carotenogenesis is accompanied by the increase of a transcript that is closely related to early light-induced genes of higher plants and whose translational product might function as a pigment-binding protein whose synthesis is co-ordinately regulated with carotenogenic enzymes.
In most higher plants and green algae, the reaction centres and light-harvesting complexes decrease more or less proportionally during nutrient stress ; therefore the Chl a / b stoichiometry remains rather constant (Anderson, 1986; Siefermann-Harms, 1985; Thornber e t al., 1991 Irrespective of the mechanism by which the temporary increase of photosynthetic efficiency is brought about, it is possible that the relatively large demand of reducing equivalents required for carotenoid biosynthesis might influence the photosynthetic efficiency. This contention is supported by the fact that DPA also blocks the increase in photosynthetic efficiency. In this way, the accumulated carotenoids, of which the bulk is located in oily globules, might serve as an electron sink. Another possibility is that the stress-induced carotenoids function as a screen to protect the photosystems from photochemical degradation (Ben-Amotz e t al., 1987, 1989) . The low-light intensities used in our experiments make such a hypothesis less probable. Zeaxanthin is more directly involved in protection of the photosystems, but only in situations where photo-inhibition of photosynthesis occurs (Demmig- Adams, 1990 ; Neubauer & Yamamoto, 1992) . Zeaxanthin, which is formed by de-epoxidation of violaxanthin via antheraxanthin in the xanthophyll cycle is involved in the radiationless dissipation process of excess excitation energy. By protecting the photosystems it is possible that the temporary increase in photosynthetic efficiency in D. bardawil could be maintained for a prolonged period of time. It is unlikely that this is the mechanism by which the temporary increase in photosynthetic efficiency in D. bardawil can be explained because: (1) the cells were grown under moderate light intensities (2) the amounts of violaxanthin and antheraxanthin were much lower than the amount of zeaxanthin, and (3) their abundances did not change significantly.
The question arises whether the stress-accumulated carotenoids, in particular lutein, become involved in the lightharvesting process, which is implied by the fact that they are associated with the thylakoid membrane fraction. Lutein has been reported to be an integral part of LHCII (Sukenik e t al., 1988; Siefermann-Harms, 1985) . Recently Bassi e t a/. (1993) reported lutein to be bound to proteins CP47 and CP43 of photosystem 11. However, the fact that excitation spectra of isolated thylakoids of D. bardawil before and after growth arrest did not show an increased contribution of light-harvesting pigments to the Chl a fluorescence contradicts this possibility.
